Background: The pattern ERG can be used to detect early glaucomatous change, because the response of cells in the inner retina from (typically) 20°-40°of area is reduced before perimetric abnormality is certain. The multifocal pattern electroretinogram (mfPERG) allows analysis of many local regions within this area. The aim of this study was to investigate whether in patients with presumed glaucoma the mfPERG permits diagnosis and discrimination from normals.
Introduction
Visual loss in chronic glaucoma results from destruction of retinal ganglion cells. However, visual field loss occurs relatively late in the progression of this disease. Estimations suggest that at least 25-35% of the ganglion cells must be lost prior to the development of a field abnormality detectable with modern automated threshold visual field testing (Kerrigan-Baumrind, Quigley, Pearse, Kerrigan, & Mitchell, 2000) . As a result there still is considerable interest in developing more sensitive and more reliable methods for making an earlier diagnosis in glaucoma.
A non-invasive, fast method for studying the pathogenesis and pathophysiology of retinal ganglion cell damage is provided by the pattern electroretinogram (PERG) first described in 1964 by Riggs, Johnson, and Schick. Currently the domain of standardized PERG is the diagnosis of generalized disease of ganglion cell dysfunction (Groneberg & Treping, 1980; Holder, 2001; Maffei & Fiorentini, 1981; Sieving & Steinberg, 1987; Zrenner, Baker, Hess, & Olsen, 1987) . It has also been applied to detect and follow changes in glaucoma (Bach, 2001; Korth, 1997) . Typical changes could be shown, mainly a reduction of amplitudes (Bach, Pfeiffer, & Birkner-Binder, 1993 ) with the second negative wave being affected most (Weinstein et al., 1988) . The observed amplitude reductions allow to some degree to predict the conversion of ocular hypertension to early glaucoma (O'Donaghue et al., 1992; Pfeiffer, Tillmon, & Bach, 1993; Salgarello et al., 1999) . Thus the PERG as compared to other functional tests (Bayer, Maag, & Erb, 2002; Graham et al., 1996) seems an efficient diagnostic tool but to date it has not been generally employed. This may be partly explained by the additional testing time necessary for the patient (often located in a separate department). Moreover, PERG testing must compete with other new functional tests such as frequency doubling technology perimetry, which are more easy to perform and may offer even better sensitivities .
The ordinary, luminance ERG gives no information about the location of retinal damage. The PERG can demonstrate that damage has occurred within the (fairly large) area of the checkerboard used to stimulate the eye (Bach, Sulimma, & Gerling, 1997) . However, more localized defects of the visual field are frequently observed in patients with glaucoma. With the introduction of a multi-input stimulus system it became possible to record many local ERG responses from the retina simultaneously (mfERG). Usually the response to change in luminance of many small independent areas is obtained. This method was first introduced by Sutter and Tran (1992) who showed how, if the whole test field was divided into a number of areas in each of which luminance is modulated independently with time, in a pseudorandom manner, it was possible to calculate mfERGs with a simple PC. When applied to glaucomatous changes inhomogeneous results were obtained. No correlation to visual field defects was found in early glaucoma patients in the mfERGs (Fortune, Johnson, & Cioffi, 2001; Hood et al., 2000; Sakemi, Yoshii, & Okisaka, 2002) . A selective loss of an oscillatory component could be proven using special multiflash stimulation techniques (Fortune, Bearse, Cioffi, & Johnson, 2002) helpful to differentiate between normal and glaucomatous eyes (Palmowski, Allgayer, Heinemann-Vernaleken, & Ruprecht, 2002) .
The recently available multifocal pattern ERG (mfPERG) combines pattern ERG stimulation with the multifocal technique in order to achieve a topographic mapping of the pattern ERG. The response is thought to be developed mainly by ganglion cells. However, it has been found (Klistorner, Graham, & Martins, 2000) , that topographic changes to the mfPERG in glaucomatous patients do not correlate well with visual field defects. Part of the pattern response may be developed by other retinal elements--e.g. amacrine cells--and changes in the amplitude of electrical activity may not indicate that function has been lost. This discrepancy raises the question whether the mfPERG technique can contribute to glaucoma diagnosis at all. The aim of this study was to further determine if the mfPERG changes in a characteristic manner in glaucoma patients and permits the diagnosis of an abnormality.
Subjects and methods

Subjects
Twenty-three eyes from 13 patients with open angle (POAG) or low tension glaucoma were included in the study. Each patient had been fully ophthalmologically examined at least three times and had provided at least three visual fields the 30-2 program of Humphrey field analyzer (HFA; Humphrey, San Leandro, CA, USA) at the time of mfPERG testing. Diagnosis of glaucoma was based upon the typical appearance and deterioration of the optical disc, changes to the visual fields and (in POAG) elevated intra-ocular pressure. Informed consent was obtained from each participant. All methods adhered to the Declaration of Helsinki 2000 for research involving human subjects.
Patients with glaucoma had a mean age of 65.8 years with a standard deviation (SD) of 9.63 years (range 42-79 years). Twelve right eyes (OD) and 11 left eyes (OS) were included. Table 1 summarizes the patients. Two graders (SS and ASN) independently performed classification of visual field defects of all eyes using methods established by Aulhorn (Aulhorn & Karmeyer, 1977) . The Aulhorn classification distinguishes five stages of visual field defects: stage I shows only relative scotomas. Stage II shows absolute scotomas which do not continue to the blind spot, while in stage III absolute scotomas reach the blind spot. In stage IV more than one quadrant is affected, but the center remains free. In Stage V the visual field is very reduced, with only a temporal isle left. In this study six eyes were graded Aulhorn I, 10 eyes Aulhorn II, 3 eyes Aulhorn III and 4 eyes Aulhorn IV. No patient with Aulhorn stage V was included. Average mean defects (MD) in the four Aulhorn groups were MD ± SD in dB: )5.68 ± 1.92; )6.37 ± 2.64; )13.09 ± 1.92; )17.63 ± 5.83.
Best-corrected visual acuity was 0.5 or better at the time of testing and cup-to-disc ratio was--corresponding to the visual field defects--0.5-1.0 cupping. The patients had no history of diabetes or other systemic disease and no reported ophthalmologic or neurological surgery or other diseases affecting vision.
As a control group we examined 25 age-related normal eyes from 25 healthy individuals. Informed consent was obtained from all participants. The healthy subject ages ranged from 40-72 years, mean 61.63 ± 10.35. Healthy eyes had a measured intra-ocular pressure (IOP) of less than 21 mmHg and no history of elevated IOP. The optic disc appeared healthy based on stereo-scopic fundus exam with the biomicroscope with an overall cup to disc ratio of <0.4. No history of any chronic eye disease or previous ocular surgery was present. Visual acuity for normal volunteers was 1.0 or better with correction.
Stimulation
To perform the mfPERG measurements, a RETIScan System (Roland Consult, Wiesbaden, Germany) was used. A stimulus pattern of 19 patterned hexagons, each consisting of six triangles (alternately black and white) was used. The stimulus was presented on a 21-inch monitor viewed at 30 cm distance within a central 48°t otal visual field (visual angle of 24°). No scaling factor was used, which means that the central hexagon (macula) had the same size (9.6°visual field) as the peripheral hexagons. Mean luminance of the stimulus on the monitor was 180 cd/cm 2 . Each hexagon element changed in time between black and white (contrast was approximately 98%) following a binary m-sequence. Each hexagon was modulated at the frequency of 75 Hz with an on/off-probability of 0.5 Sutter & Bearse, 1999) . The traces produced by the computational procedure were smoothed by an algorithm within the software (Retiscan version 3.15). It consisted of 3-5 times smoothing and additional band pass filtering between 10 and 100 Hz. The number of smoothings necessary was chosen by the examiner, but did not exceed 5.
Recording and response analysis
Patients were refracted and addition lenses given so the screen was in sharp focus, despite any presbyopia. A red fixation target of 2 cm diameter was placed in the center of the stimulus. For all recordings loop electrodes were used (AVANTA, Lubljana, Slovenia). The reference electrodes were at the temple and the ground electrodes at the forehead. The conjunctiva was anaesthetized with oxybuprocain 0.4% eye drops. The pupil size was 3-4 mm in all patients and normal subjects. Room illumination was always the same and no miotic or mydriatic eye drops were given. Fixation was equal in patients and normals and was manually controlled by the operator during measurements. If any decentration of the pupil relatively to the fixation target was noted, data acquisition was interrupted and the patient asked to fixate.
The pattern changed in accordance to the structure of a corrected m-sequence (Sutter & Tran, 1992) . Duration of data acquisition was approximately 6.5 min with a length of 512 divided into 10 sessions of 39 s each. The signals were band pass-filtered with a high cut at 100 Hz and a low cut at 10 Hz. By cross-correlation analysis between stimulation patterns and their responses 19 focal mfPERGs can be displayed, and in the figures are shown in their relative topographical positions. For further analysis the responses were grouped into three ring regions (see Fig. 1B and D): a central hexagon (macula, no. 10 in Fig. 1 ), a middle (nos. 5, 6, 9, 11, 14, 15 in Fig. 1 ) and peripheral ring (remaining numbers in Fig. 1) . Each of the two rings represents an averaged response from several hexagons (Fig. 1C) . Decreasing amplitude was seen over the three regions, the periphery giving smallest responses (Fig. 1C) . The central region essentially gives the response of the macula, the middle ring the response of the perimacular area, and the peripheral ring that of the mid-periphery. For each mfPERG a positive component at approximately 50 ms (P-50) and a negative component at approximately 95 ms (N-95) can be seen. The P-50 often rises from a still earlier negative wave. The positive component is measured from this trough to the following positive peak of P-50. The following negative N-95 component is measured from the peak of P-50 to the following trough at approximately 95 ms (Fig. 1C) . Peaks were identified manually in the each of the single plots by the minimum respectively maximum value (close to the expected latency). Identification is usually clearer in the single plots than in the summarized curves, which markers were automatically transferred to by the software. Latencies in milliseconds (ms) were also measured and analyzed for every ring for the positive and negative components in the same manner. The latencies of the first trough, of P-50 and N-95 were investigated.
Data analysis
Data were collected and analyzed using SPSS 10.0 for Windows (SPSS Inc., Chicago, IL, USA). On all tests used, p < 0:05 was considered significant. Unless other specified for comparisons of mean the non-parametric Mann-Whitney-U test was used. For all linear regressions calculated 95% confidence intervals are given. To identify possible significant factors a comprehensive graphical analysis of all results was performed using scatterplots and boxplots. Receiver operational characteristic (ROC) curves were calculated with SPSS 10.0. 
Results
Group differences between normals and glaucoma patients
First, differences between the control group and all glaucomatous eyes were investigated. The mfPERGs were analyzed for significant changes in amplitudes of the positive P-50 and negative N-95 and for changes in the latencies of the first trough, of P-50 and N-95. The results are summarized in Fig. 2 . The boxes shown represent the 25th and 75th percentiles, the line in the box is the median (i.e. the 50th percentile). The ''whiskers'' show the 10th to 90th percentiles. The small circles mark single values lying outside this range. It can be seen in Fig. 2 , that the positive P-50 as well as the negative N-95 component was highly significantly reduced for every region in patients with glaucoma (p < 0:001). The relative reduction was higher in the central region than in the 1st and 2nd ring and the reduction was even more distinct for the negative components. In normals linear regression analysis showed no significant change in thresholds with age (p > 0:9). The same is true for patients with glaucoma.
Analysis of latencies showed inconclusive results. No significant effect could be observed for the latency of N-95 and P-50. Only the latency of the first trough was slightly increased in ring 2 (p ¼ 0:025). Therefore, further data for latencies are not shown.
Changes in mfPERG correlates to Aulhorn stage
The correlation of Aulhorn stage and the mean defect (MD) in automated perimetry was significantly high (Spearman's Rho ¼ )0.751, p < 0:001). As the same results were obtained by each grading method, only Aulhorn stages are shown in the analysis. In Fig. 3 a clear reduction of amplitudes for N-95 with progressive glaucomatous damage is observed. A relatively large central reduction with early glaucoma stages Aulhorn 1 and 2 existed, while only slight changes were observed for stages higher than Aulhorn 2. Throughout the study even for advanced absolute scotomas no topographic correlation of local amplitudes and localized visual field defects could be shown.
A linear regression analysis was performed, to quantify the degree of reduction of P-50 and N-95 with the Aulhorn stage. The model was Y ¼ mX þ C, where Y ¼ mfPERG voltage in [nV], X ¼ Aulhorn stage and C ¼ regression constant. For P-50 of the central region the factor m was )2.38 with a 95% confidence interval of ½À3:04; À1:72. The constant C was 15.99 nV, with a 95% confidence interval of [15.10; 16.88] . Both regression factors were highly significant at p < 0:001 (R 2 of the regression line was 0.42). Linear regression for the negative component N-95 for the central region resulted in a factor m of )2.76 with a 95% confidence interval ½À3:79; À1:72. The constant C here was 21.61 nV, confidence interval ½20:21; 23:01. Again, both regression factors were highly significant at p < 0:001 and R 2 of the regression line was 0.28.
Regarding latencies linear regression models did not yield any significant regression coefficients m for the latency of the first trough (p > 0:1) for all retinal regions. The coefficients calculated for the slightly increasing latency of P-50 for the central region and ring 2 and for the slightly increasing latency of N-95 for the central region only (non-standardized beta ¼ 2.49, p ¼ 0:015) were, however, significant. In summary an slight increase in all latencies could be observed when glaucoma stages proceeded. In contrast, when comparing early stage 1 glaucoma patients and normal patients, a slight decrease was seen in early glaucoma patients for all latencies. This effect remained non-significant for all latencies tested but for the latency of N-95 in ring 2 (p < 0:001; Mann-Whitney U test).
Predictive model for glaucoma detection
In order to develop a predictive model for screening for early stages of glaucoma the Aulhorn stages 1 and 2 were considered as early glaucoma stages. A total of 16 glaucomatous eyes and 25 normal eyes were available for modeling. ROC analysis of all components and latencies revealed that a reduction of amplitude was a stronger predictor than a shortening of latency. In Fig. 4 typical ROC curves are given. Maximal area under the normalized ROC curve (area ± SEM) for P-50-N-95 was 0.86 ± 0.05. For the single parameter N-95 of the central region a ROC area of 0.84 ± 0.05 was achieved. Good ROC characteristics were also obtained with P-50 of the central region (0.83 ± 0.05). Lesser, though highly significant values were found for other data sets, e.g. N-95 in ring 2 (0.72 ± 0.08). Only the best two ROC curves with latencies are shown in Fig. 4 . Latency for N-95 of the central region yielded 0.51 ± 0.09 ROC area and latency of the first trough of the central region gave 0.43 ± 0.10.
In these results, the limiting value of P-50-N-95 was 31.6 nV. This gave an optimal sensitivity and specificity of 88% and 76% respectively. When using the best ROC based on latencies, i.e. latency of N-95 for the central region, a sensitivity of 90% yielded 0% specificity thus making further analysis useless. Other descriptive constructs such as the ratio of peak/trough and relative latencies did not yield any significant results and therefore are not shown here.
Discussion
Reduction of components in glaucoma
The mfPERG allows determination of local dysfunction of ganglion cells and very small macular lesions can be detected with the identical instrument used here (Kretschmann, Bock, Gockeln, & Zrenner, 2000) . It thus provides a means to analyze regional variations in nerve fiber layer dysfunction as is known from nerve dissection experiments (Vaegen, Anderton, & Millar, 2000) . In glaucoma--besides loss of ganglion cell function, it has recently been shown that outer retinal pathology occurs (Raz et al., 2002; Velten, Korth, & Horn, 2001 ) especially in the peripheral retina. Our results show a significant reduction in all regions regarding positive and negative components. In early stages the fovea should theoretically be less affected. Our results, however, show in agreement with the findings of Chan and Brown for the mfERG (1999, 2000) , a relative reduction in all regions involving the central rings even more than the peripheral rings.
There is therefore a discrepancy between the results of field testing, that show the earliest glaucomatous changes peripherally, in the Bjerrum region, and usually Fig. 4 . ROC curve for different mfPERG parameters. Best area under the curve is obtained for P-50-N-95 yielding a sensitivity of 88% with a specificity of 77%. The other amplitudes also show acceptable ROC curves. Best ROC curves for latencies are also shown, but they yield characteristics inacceptable for designing a diagnostic test for glaucoma.
in one quadrant, and the results from mfPERG. One possible reason is that the better results on mfPERG testing in the central zone, as shown by the ROC curves, is due to the better signal to noise ratio obtained from the larger responses in the center. While this may in part be true, the results shown in Fig. 2 suggest that it cannot be the entire story. Indeed, even if the abnormality was no greater in the central zone than in the periphery, this would still conflict with the results of field testing. We do not know why exactly the PERG or mfPERG is reduced in glaucoma in macular regions which are only shown to be abnormal by field testing in end-stage disease. However the discrepancy could imply that there is inner retinal damage which is more widespread and more uniform than field tests suggest. This view is supported by animal experimental data where in ocular hypertensive primates a similar degree of ganglion cell loss in the central and peripheral retina was observed (Hare et al., 2001) .
In the central region the ratio of ganglion cells to photoreceptors is higher than in the periphery (Curcio, Sloan, Packer, Hendrickson, & Kalina, 1987; Esterberg, 1935) reducing from 1:4 in the center to 1:1 at about 15° ( Wassle, Grunert, Rohrenbeck, & Boycott, 1989) , and the overlap between receptive fields may be higher. Therefore when an equal proportion of ganglion cell signals are abnormal in all the retina, the defect may be most obvious on visual field testing in the periphery. Thus the mfPERG results may explain clinical features of glaucoma which have hitherto been puzzling. Morphological data obtained by optical coherence tomography (Greenfield, Bagga, & Knighton, 2003; Guedes et al., 2003) and the retinal thickness analyzer (Asrani et al., 2003) support a marked involvement of the macula in the early phases of glaucoma. Therefore in the central area a ring-wise analysis has some justification. For the periphery, theoretically other analysis patterns might be advantageous such as quadrant testing (Shorstein, Dawson, & Sherwood, 1999) . However, no topographic correlation to peripheral visual field defects could be shown in mfPERG testing in agreement with Klistorner et al. (2000) . Moreover, the macula is most involved in early glaucoma, as shown in this study and the in in-vivo morphological data described above. Therefore, in contrast to visual field testing it is doubtful if the value of peripheral testing by mfPERG can be improved by different grouping patterns.
Number of fields
Unlike most other studies--besides not using a scaling factor--we used only 19 fields rather than 61 fields. This may in part also account for that in our study the mfPERG recordings did not show significant alterations with age in contrast to Klistorner et al. (2000) and Lindenberg, Horn, R€ u uhl, and Korth (2001) . In preliminary experiments we observed that variability of the responses significantly increased and the stability of results is lost when more than 19 hexagons are used.
Latencies in glaucoma
Berninger and Arden (1988) have reported the positive and negative latencies of the PERG to be very stable and only rarely changed by diseases. There are only a few reports about a delay of the P-50 PERG latencies (Holder, 1987; Marx, Bodis-Wollner, Lustgarten, & Podos, 1988; Weinstein et al., 1988) . In group comparison the glaucoma group did not show consistently altered latencies as compared to normals. Comparing different glaucoma stages, however, a slight increase of latencies with increase of the stage of the disease could be observed. This cannot be explained by increasing age as in Korth, Horn, Strock, and Jonas (1989) , as all Aulhorn groups in this study had approximately the same age (see Table 1 ). The changes in latency may, therefore, be caused by an increase of glaucomatous damage. The amount of the change, however, is very small, which makes latency unsuitable for diagnosing or following glaucoma patients.
Mechanisms
The early positive and later negative responses of the mfPERG wave are affected differently in diseases and may be generated by different mechanism. It is known, that N-95 is selectively lost in optic neuropathy while P-50 is reduced when ganglion cells and/or their input are involved (Hess & Baker, 1984; Hollander, Bisti, Maffei, & Hebel, 1984) . If N-95 alone is involved, the lesion must be localized more centrally in the optic pathway, while good input from the retina can be assumed (Holder, 2001 ). However, if P-50 is also reduced, this may result from a ganglion cell loss but may also reflect a reduced input from the retina. The exact localization where P-50 is generated is still not known. It is, however, distinctly different from the more ganglion-cell associated N-95 and is reduced in animal models with experimental glaucoma (Holder, 2001; Viswanathan, Frishman, & Robson, 2000) .
In the glaucoma patients examined in this study a marked reduction was observed for N-95 as well as for the P-50 components. The theoretically expected topical pattern--i.e. more reduction in the periphery than in the central field--however, could not be observed in agreement with Klistorner et al. (2000) . This does not question the usefulness of the mfPERG for early detection of glaucoma. Instead, this divergence of mfPERG results from visual field defects hints to not only peripheral optic nerve fiber defects but also ganglion cell loss and central optic nerve changes occurring in glaucoma. These changes precede the visual field defects.
Comparison to PERG
In conventional full-field PERG testing a reduction of amplitudes allowing to some degree to predict the conversion of ocular hypertension to early glaucoma has been shown (O'Donaghue et al., 1992; Pfeiffer et al., 1993) . The second negative wave appears to be affected most (Weinstein et al., 1988) . Regarding localization a generalized reduction in glaucoma was suggested by PERG , which is supported by our data showing a strong macular involvement in early glaucoma. Conventional PERG testing provides good test characteristics for glaucoma, best for P-50-N-95 yielding 0.78 area under the ROC curve . This is comparable to the 0.86 area under the curve obtained for the multifocal PERG in this study, where also N-95-P-50 gave the best test characteristics. Remarkably, for the mfPERG the macular field was most predictive. This supports the theory that fast glaucoma screening strategies focused of the macula may provide good test characteristics.
Comparison to mfERG
Several studies have shown a loss of function in glaucomatous damage by using the multifocal ERG (Bearse & Sutter, 1998; Bearse, Sutter, & Palmowski, 1997; Bearse, Sutter, Sim, & Stamper, 1996; HeinemannVernaleken, Palmowski, & Allgayer, 2000; . In those studies some extent of a local glaucomatous damage could be measured with the mfERG, especially if the contrast of the multifocal display was reduced by 50% (Bearse & Sutter, 1998; Hood et al., 1999; . However, only relatively subtle alterations were observed and no correlation to local visual field changes was found (Fortune et al., 2001; Hood et al., 2000; Sakemi et al., 2002) . Unilateral visual field defects could not be detected reliably by the conventional mfERG (Fortune et al., 2001; Sakemi et al., 2002) . In contrast, by using special multiflash stimulation a selective loss of an oscillatory component from the temporal retina could be proven (Fortune et al., 2002) and an area under the ROC curve of 0.88 was obtained. Such a technique could differentiate between normals and glaucoma eyes (Palmowski et al., 2002) . Further improvement of isolating the optic nerve head component (ONHC) first proposed by Sutter and Bearse (1999) from the mfERG may further increase its diagnostic value.
Comparison to other methods
The best predictive parameter for the mfPERG was the difference P-50-N-95 which yielded 88% sensitivity with a specificity of 77%. This is as high as is claimed for most other new instruments designed specifically for glaucoma detection such as the frequency doubling technology (FDT) perimeter (Casson, James, Rubinstein, & Ali, 2001; Khong, Dimotrov, Rait, & McCarty, 2001) . The ROC characteristics for the mfPERG are also comparable to established instruments such as the Heidelberg retina tomograph (HRT), the GDx nerve fiber analyzer and optical coherence tomography (OCT; Choplin & Lundy, 2001; Zangwill et al., 2001 ).
Conclusions
We found significant changes in the mfPERG of patients with glaucoma as compared to normal volunteers. The multi-input stimulation technique is robust with respect to simulation and malingering. We observed highly significantly decreased responses in all positive and negative components (P-50 and N-95) of the patients with glaucoma. However, those were most distinct in the central ring. Changes in latencies were not conclusive. Changes increase with a progression of glaucoma stage. A predictive model for detecting early glaucomatous changes was designed with high sensitivity and specificity. Thus the multifocal PERG may provide a useful tool in the diagnosis and the follow up of patients with glaucoma.
